Male day-old turkey poults (n = 768) were fed 0, 300, 600, or 900 U of phytase/kg of a cornsoybean diet in combination with four Ca:total P (tP) ratios of 1.1, 1.4, 1.7, and 2.0:1, and two levels of nonphytate P (nP) of 0.27 and 0.36% in a 21-d trial. Dietary Ca:tP ratios were obtained by varying defluorinated phosphate and limestone at the expense of cornstarch. The calculated dietary percentage of phytate P was 0.266 for all diets. Phytase additions linearly increased (P < 0.05) BW gain, feed intake, gain:feed, toe ash content, and apparent retentions of Ca and P at each Ca:tP ratio and nP level, but the response was influenced by dietary Ca:tP ratios and P levels. The detrimental effect (P < 0.02) of widening the Ca:tP ratio was observed for all measurements at each phytase and P level, and was greatest at lower phytase and P levels. Widening the Ca:tP ratio from 1.4 to 2.0 decreased the phytase efficacy by 7.4 and 4.9%, respectively, for 0.27
INTRODUCTION
It has been well documented that microbial phytase is effective in releasing a significant portion of the P bound in phytate present in corn-soybean meal diets and making it available to broilers (Schoner et al., 1991; Vogt, 1992) , pigs (Simons et al., 1990; Kornegay and Qian, 1994) , and turkeys (V. Ravindran, unpublished data) . The effectiveness of phytase in broiler and pig diets has been shown to be reduced as the level of total and nonphytate P (nP) are increased and as the Ca:total P (tP) ratio becomes wider (Schoner et al., 1993; Qian et al, 1994a) . The detrimental effect of Ca:tP ratio may reduce phytase efficacy by influencing phytase activity in the digestive tract of broilers and pigs (Qian and Kornegay, 1995) . Published data, however, on the use of phytase in turkey poult diets is scanty. Ravindran (unpublished and 0.36% nP diets, which was close to the decrease in the phytase activity in vitro by 7.5 and 6.7%, respectively. The largest responses to supplemental phytase were achieved when poults were fed diets with 600 and 900 U of phytase/kg diet, respectively, for 0.36 and 0.27% nP, and for Ca:tP ratios ranging from 1.1 to 1.4:1. Second-order translog equations were generated for the phytase, Ca:tP ratio, and P effect, and nonlinear and linear equations for the phytase and Ca:tP ratio effect. Based on an assessment for the R 2 and P values of equations, BW gain, feed intake, toe ash content, and P retention were sensitive measurements of the response to phytase addition. Equivalent equations were developed to determine the P equivalency of supplemental phytase. About 652 and 963 U of phytase were equivalent to 1 g nP, respectively, for 0.27 and 0.36% nP diets in turkey poults from hatch to 21 d of age.
1996 Poultry Science 75:69-81 data) reported that 652 U of phytase was equivalent to 1 g of P from defluorinated phosphate; poults were fed a soybean meal-based semi-purified diet with various levels of nP with graded levels of supplemental phytase. Turkey poults were fe d tiered levels of phytase in combination with tiered levels of nP for 14 d following a 7-d adjustment after hatch; varying Ca:nP ratios were observed to influence bone mineralization as well as the optimal phytase dosage required for maximum performance (Zyla and Ledoux, 1994) .
The objectives of the present study were 1) to determine the effects of dietary Ca:tP ratios and nP levels on the efficacy of phytase in turkey poult diets; and 2) to calculate P equivalency values of phytase by derived equivalent equations.
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QIAN ET AL. dietary Ca:tP ratios of 1.1:1, 1.4:1, 1.7:1 and 2.0:1 and nP levels of 0.27 and 0.36% (0.54 and 0.36% tP) were formulated using defluorinated phosphate and limestone substituted for cornstarch, and each Ca:tP ratio and nP level was supplemented with 0, 300, 600, and 900 U phytase/kg diet. Phytase (Natuphos®-5,000 U/g) was supplied by BASF Corp., 3000 Continental Dr. N., Mt. Olive, NJ 07828-1234. Analyzed levels of Ca were 0.648, 0.763, 0.896, and 1.073%, respectively, for the analyzed P level of 0.57%, and 0.718, 0.987, 1.169, and 1.310%, respectively, for the analyzed P level of 0.64%. Fine CDP, Southern Bag Corp., Valdosta, GA 31083. 4 Supplied per kilogram of diet: retinyl acetate, 908 /ig; cholecalciferol, 66 /*g; dl-a-tocopheryl acetate, 26.5 mg; menadione sodium bisulfate complex, 0.75 mg; riboflavin, 7.5 mg; d-calcium pantothenate acid, 9.7 mg; niacin, 26.4 mg; cyanocobalamin, 11 /xg; choline chloride, 1,013 mg; biotin, 0.31 mg; folic acid, 3.1 mg; thiamin-HCl, 8 mg; pyridoxine-HCl, 3.1 mg; ethoxyquin, 50 mg; virginiamycin, 2.9 mg.
Supplied per kilogram of diet: manganese, 88 mg; zinc, 95 mg; iron, 100 mg; copper, 12.5 mg; iodine, 4 mg; selenium, 0.6 mg.
6
Diet was formulated to contain 28.0% CP, 1.69% lysine, and 1.69% methionine plus cystene. phytase 2 for improving the phytate P availability of corn soybean meal diets. A 4 x 4 x 2 factorial arrangement of treatments with three replicates (eight birds per pen) was used. Dietary Ca:tP ratios were formulated at 1.1:1, 1.4:1, 1.7:1, and 2.0:1, and each Ca:tP ratio was supplemented with 0, 300, 600, and 900 U phytase/kg of diet at nP levels of 0.27 and 0.36% (or 0.54 and 0.63% tP). The dietary P levels were formulated below the current National Research Council (1994) recommendations to ensure maximum responses with phytase additions. The Ca:tP ratios were formulated by varying defluorinated phosphate and limestone at the expense of cornstarch. The dietary percentage of phytate P (0.266%) was calculated based on data in National Research Council (1994) and was similar in all diets. The composition of the basal diets is given in Table 1 . Microbial phytase activity of diets was determined using a modification of the method of Simons et ah (1990) . A unit of phytase activity was defined as the quantity of enzyme that 2 Natuphos®, BASF Corp., Mount Olive, NJ 07828-1234. liberated 1 /xmol of inorganic P/min from 1.5 mmol/L sodium phytate at pH 5.5 and 37 C.
At 1 d of age, poults were wing-banded and randomly assigned to pens in electrically heated, raised wire-floored battery brooders in an environmentally controlled room. Poults were exposed to continuous fluorescent light. All diets were provided for ad libitum consumption in mash form, and birds had free access to water. Body weights and feed consumption were recorded on a pen basis at weekly intervals. The care and treatment of birds followed published guidelines (Consortium, 1988) .
During the 3rd wk (Days 18 to 20), all excreta from each pen was collected. Feed intake and production of excreta were measured quantitatively per pen over the 3 consecutive d. Excreta from each pen were stored in plastic bags at -20 C. After thawing, excreta were dried in an oven at 65 C and weighed. Excreta, along with diet samples, were ground to pass a 1-mm sieve. Dry matter was determined according to Association of Official Analytical Chemists (1990) procedures. Following a nitric-perchloric wet digestion, P concentrations were determined colorimetrically (Association of Official Analytical Chemists, 1990) with the computer program "Microkinetics 3 " and the vertical photometer. 4 Concentrations of Ca were determined with an atomic absorption spectrophotometer. Apparent retention of P and Ca were calculated.
On Day 21, all surviving birds were euthanatized. Toe samples were obtained by severing the middle toe through the joint between the second and third tarsal bones from the distal end. The left and right middle toes of all birds within a pen were pooled, respectively, yielding two samples of toes per pen. The pooled samples were dried to a constant weight at 100 C and then ashed in a muffle furnace at 600 C for 6 h. Toe ash was expressed as a percentage of dry weight.
Data were analyzed by the General Linear Models procedure of SAS® (SAS Institute, 1990 ) using pen as the experimental unit. The model included main effects of Ca:tP ratios, phytase levels, nP levels, all two-way interactions, and the three-way interaction. Linear and quadratic effects of the Ca:tP ratio and supplemental phytase were tested with orthogonal polynomials. Second order translog functions were developed for the 2x4 factorial arrangement of nP levels and phytase levels, or nP levels and Ca:tP ratios with the model:
where, Y = the response measurements; Di = 0 at nP = 0.27%, and D a = 1 at nP = 0.36%; X = added phytase (units per kilogram of diet), or X = Ca:tP ratios. The second order translog function was chosen because Driscoll (1994) demonstrated that this function is a flexible functional form that can provide second order approximations to any underlying function. The second order translog model was used to determine the response surfaces to a combination of tiered levels of phytase, nP, and various ratios of Ca:tP, and to evaluate the sensitivity of measurements to dietary Ca:tP ratios nP levels, and supplemental phytase levels. The second order translog function for the 4x4 factorial of phytase level and Ca:tP ratio effect was:
where Y = the response measurements; Xi = added phytase (units per kilogram of diet); X2 = Ca:tP ratios. Nonlinear functions were created for the phytase effect at each P level or Ca:tP ratio using the model:
where Y = the response measurement; X = added phytase (units per kilogram of diet). For the Ca:tP ratio effect, the nonlinear model was:
where Y = the response measurement; X = Ca:tP ratios. Also, linear functions were derived for the phytase or Ca:tP ratio effect corresponding to different P levels, Ca: tP ratios, or supplemental phytase levels. The model of linear functions was:
where Y = the response measurement; X = added phytase levels, or Ca:tP ratios. The nonlinear and linear functions that were developed were also used to compare both response functions for dietary phytase levels and Ca:tP ratios and to determine which models were best fitted for these factors. Based on the assumption that the data obtained at 0.27 and 0.36% nP levels were representative of a wider range of P levels, linear response functions of BW gain and toe ash percentage were developed across the four Ca:tP ratios but without supplemented phytase. The use of a regression line (equation) generated from graded levels of P or phytase provides a more accurate means of estimating a response than a single number. Also, the generation of a P equivalency equation from the equations for P and for phytase allow for the calculation of the equivalency of phytase for P for any point on the line. Further, the use of mathematical equations allow for the easy incorporation of this information in computer models.
RESULTS
Main effects of phytase, Ca:tP ratio, and nP were observed for BW gain (P < 0.001); the magnitude of the responses to phytase was greatest for the lowest level of phytase, for the widest Ca:tP ratio, and for the lower P level ( Table 2 ). The detrimental effect of Ca:tP ratio was greatest for the widest ratio and at the lower P level with no added phytase. Interactions of Ca:tP ratio by phytase, Ca:tP ratio by nP, phytase by nP, and Ca:tP ratio by phytase by nP were observed for BW gain (P < 0.001, 0.003, 0.001, and 0.004, respectively). Widening the Ca:tP ratio had less of an effect as the amount of phytase added was increased (at phytase = 0, linear, P < 0.02, quadratic, P < 0.001; at phytase = 300 U/kg diet, linear, P < 0.01, quadratic, P < 0.05; at phytase = 600 U, linear, P < 0.01; at phytase = 900 U, quadratic, P < 0.03). At 0.27% nP, BW gains increased (linear, P < 0.001; quadratic, P < 0.001) up to 900 U phytase/kg diet; whereas, at 0.36% nP, BW gains improved (linear, P < 0.001; quadratic, P < 0.06) up to 600 U and then reached a plateau. At 0.27% nP, BW gains were similar for dietary Ca:tP ratios of 1.1:1 and 1.4:1 and decrease afterwards as the ratio became wider; however, largest BW gain occurred at 1.1:1 ratio for 0.36 nP.
The main effects (P < 0.001) of Ca:tP ratio, phytase level, and nP level on feed intake were similar to those observed for BW gains (Table 3) . Interactions of Ca:tP ratio by phytase, phytase by nP, and Ca:tP ratio by phytase by nP were also observed (P < 0.05, 0.001, and 0.1, respectively). Adding phytase improved feed intake (linear, P < 0.001; quadratic, P < 0.001) across Ca:tP ratios; the magnitude of the response to phytase addition was greatest for the widest Ca:tP level at 0.27% nP (linear, P < 0.001, quadratic, P < 0.002). The detrimental effect of widening the Ca:tP level was greater at 0.27% nP (0.54% tP) and at the lower levels of supplemental phytase.
The main effects of Ca:tP ratio, phytase, and nP on gain:feed (P < 0.02, 0.001, and 0.08, respectively) and the interactions of Ca:tP ratio by phytase, Ca:tP ratio by nP, and Ca:tP ratio by phytase by nP (P < 0.02, 0.05, and 0.03, respectively) are usually not as strong as observed for BW gain (Table 4) . There appeared to be no improvement of gain:feed from adding phytase beyond 600 U/ kg of diet for most Ca:tP ratios. Maintaining optimum Ca:tP ratios seemed to be more critical for turkey poults fed with 0.27% nP (0.54% tP) and lower phytase addition.
The influence (P < 0.001) of dietary Ca:tP ratio, nP levels, and phytase addition on toe ash contents tended Main effect of Ca:tP ratio, phytase, and tP (P < 0.001); Ca:tP ratio by phytase interaction (P < 0.001); Ca:tP ratio by tP interaction (P < 0.003); phytase by tP interaction (P < 0.001); Ca:tP ratio by phytase by tP interaction (P < 0.004).
3
Phytase effect: linear and quadratic (P < 0.001); at Ca:tP ratio = 1.1, linear and quadratic (P < 0.001); at Ca: tP ratio = 1.4, linear (P < 0.001); at Ca:tP ratio = 1.7, linear (P < 0.001); at Ca:tP ratio = 2.0, linear (P < 0.001) and quadratic (P < 0.005).
4
Ca:tP ratio effect: linear and quadratic (P < 0.001); at phytase = 0, linear (P < 0.02) and quadratic (P < 0.001); at phytase = 300, linear (P < 0.1) and quadratic (P < 0.05) at phytase = 900, quadratic (P < 0.03).
5
Ca:tP ratio effect: linear (P < 0.05) and quadratic (P < 0.001). Phytase effect: linear and quadratic (P < 0.001). Ca:tP ratio effect: quadratic (P < 0.04). Phytase effect: linear (P < 0.001) and quadratic (P < 0.06). Main effect of Ca:tP ratio, phytase, and tP (P < 0.001); Ca:tP ratio by phytase interaction (P < 0.05); phytase by tP interaction (P < 0.001); Ca:tP ratio by phytase by tP interaction (P < 0.1).
3 Phytase effect: linear and quadratic (P < 0.001); at Ca:tP ratio = 1.1, linear (P < 0.001) and quadratic (P < 0:01); at Ca:tP ratio = 1.4, linear (P = 0.13); at Ca:tP ratio = 1.7, linear (P < 0.005); at Ca:tP ratio = 2.0, linear (P < 0.001) and quadratic (P < 0.01). Ca:tP ratio effect: quadratic (P < 0.001); at phytase = 0, quadratic (P < 0.001); at phytase = 300, quadratic (P < 0.1); at phytase = 600, quadratic (P = 0.12); at phytase = 900, quadratic (P < 0.05).
Ca:tP ratio effect: quadratic (P < 0.01). Phytase effect: linear (P < 0.001) and quadratic (P < 0.002).
6
Ca:tP ratio effect: quadratic (P < 0.003). Phytase effect: linear (P < 0.1) and quadratic (P < 0.002). 2 Main effect: Ca:tP ratio (P < 0.02); phytase (P < 0.001); tP (P < 0.08). Ca:tP ratio by phytase interaction (P < 0.02); Ca:tP ratio by tP interaction (P < 0.05); Ca:tP ratio by phytase by tP interaction (P < 0.03).
3 Phytase effect: linear (P < 0.001) and quadratic (P < 0.05); at Ca:tP ratio = 1.1, linear and quadratic (P < 0. 001); at Ca:tP ratio = 1.4, linear (P < 0.03) and quadratic (P < 0.06); at Ca:tP ratio = 1.7, quadratic (P < 0.1).
4 Ca:tP ratio effect: linear (P < 0.005); at phytase = 0, linear (P < 0.001); at phytase = 300, linear (P < 0.06). 5 Ca:tP ratio effect: linear (P < 0.01) and quadratic (P < 0.05). Phytase effect: linear (P < 0.001) and quadratic (P < 0.002).
6 Phytase effect: linear (P < 0.008).
to parallel that of BW gains and feed intake (Table 5 ). All interactions among the three factors were significant (P < 0.001, 0.07, 0.001, and 0.05, respectively for Ca:tP ratio by phytase, Ca:tP ratio by nP, phytase by nP, and Ca:tP ratio by phytase by nP interaction). Supplemental phytase linearly increased toe ash contents at each Ca:tP ratio and at each nP level (P < 0.001), and quadratic responses to the phytase addition were also observed. The magnitude of the response to supplemental phytase was dependent on the Ca:tP ratio and the level of nP; the detrimental effect of widening the Ca:tP ratio was greatest at the lower nP level. The retention of P decreased as the nP levels increased (P < 0.001) and as the Ca:tP ratios were widened (P < 0.001; at 0.27% nP, quadratic, P < 0.01; at 0.36% nP, quadratic, P < 0.001) ( Table 6 ). Adding phytase increased the retention of P at all ratios of Ca:tP and levels of nP (P < 0.001; at 0.27% nP, linear, P < 0.001; at 0.36% nP, linear, P < 0.005; Table 6 ). Only a phytase by nP interaction was observed (P < 0.05); phytase linearly increased P retention to 900 U/kg for 0.27% nP diets and to 600 U/kg for 0.36% nP diets. The highest response to the supplemental phytase and dietary Ca:tP ratios was achieved when dietary Ca:tP ratio was formulated at 1.1:1 with 900 U of phytase added/kg of diet for both levels of nP, although retention of P was higher for the 0.27% nP diets.
Similarly, supplemental phytase increased (P < 0.001) Ca retention, which was independent of dietary Ca:tP ratios and nP levels, as interactions were not significant (Table 7) . At both levels of nP the increase in Ca retention appeared to reach a plateau at 600 U of phytase/kg of diet. Widening the Ca:tP ratios decreased Ca retention (P < 0.001) at both levels of nP, but the effect of widening the Ca:tP ratio appeared to be greater at the higher level of nP. The highest response to dietary Ca:tP ratio and supplemental phytase was observed when dietary Ca:tP ratio was 1.1:1 with phytase supplementation of 600 U/kg of diet.
Phytase activity at each added phytase level was linearly decreased (P < 0.001) as the Ca:tP ratio became wider. The detrimental effect of widening the Ca:tP ratio by increasing the level of Ca was stronger at lower P and phytase levels ( Table 8 ). The phytase activity was higher at the lower P level than at the higher P level. All of main effects and two-way interactions were significant.
Narrowing the Ca:tP ratio from 2.0 to 1.4 resulted in an increase in the phytase efficacy, averaged for BW gain and toe ash content, of 7.4 and 4.9%, respectively, for 0.27 and 0.36% nP diets, which was close to the increase in the phytase activity of the diets (7.5 and 6.7%, respectively). However, further narrowing the ratio from 2.0 to 1.1 resulted in a great increase in the dietary phytase activity (17.4 and 16.2%, respectively), whereas the increase in the phytase efficacy in vivo was limited.
Second order translog equations of performance, toe ash content, and P and Ca retention, which were generated for the effect of added phytase and nP level Main effect of Ca:tP ratio, phytase, and tP (P < 0.001). Ca:tP ratio by phytase interaction (P < 0.001); Ca:tP ratio by tP interaction (P < 0.07); phytase by tP interaction (P < 0.001); Ca:tP ratio by phytase by tP interaction (P < 0.05).
3 Phytase effect: linear and quadratic (P < 0.001); at Ca:tP ratio = 1.1; linear and quadratic (P < 0.001); at Ca: tP ratio = 1.4, linear (P < 0.02) and quadratic (P < 0.06); at Ca:tP ratio = 1.7, linear (P < 0.001) and quadratic (P < 0.002); at Ca:tP ratio = 2.0, linear and quadratic (P < 0.001). Ca:tP ratio effect: linear (P < 0.04) and quadratic (P < 0.001); at phytase = 0, quadratic (P < 0.001); at phytase = 300, quadratic (P < 0.006); at phytase = 600, quadratic (P < 0.06); at phytase = 900, linear (P = 0.12).
5
Ca:tP ratio effect: quadratic (P < 0.001). Phytase effect: linear and quadratic (P < 0.001). Ca:tP ratio effect: quadratic (P < 0.04). Phytase effect: linear (P < 0.001) and quadratic (P < 0.008). Main effect of Ca:tP ratio, phytase, and tP (P < 0.001). Phytase by tP interaction (P < 0.05). 3 Phytase effect: linear (P < 0.001); at Ca:tP ratio = 1.1; linear (P < 0.001); at Ca:tP ratio = 1.4, linear (P < 0.03); at Ca:tP ratio = 1.7, linear (P < 0.008); at Ca:tP ratio = 2.0, linear (P < 0.001). Ca:tP ratio effect: linear (P < 0.05), and quadratic (P < 0.001); at phytase = 0, quadratic (P < 0.001); at phytase = 300, quadratic (P < 0.003); at phytase = 600, quadratic (P < 0.02).
Ca:tP ratio effect: quadratic (P < 0.01). Phytase effect: linear (P < 0.001). sCa^P ratio effect: quadratic (P < 0.001). Phytase effect: linear (P < 0.005). Main effect of Ca:tP ratio, phytase, and tP (P < 0.001). 3 Phytase effect: linear (P < 0.001) and quadratic (P < 0.01); at Ca:tP ratio = 1.1; linear (P < 0.003), and quadratic (P < 0.05); at Ca:tP ratio = 1.4, linear (P = 1.1); at Ca:tP ratio = 1.7, linear (P < 0.004), and quadratic (P = 0.16); at Ca:tP ratio = 2.0, linear (P < 0.001). Ca:tP ratio effect: linear (P < 0.005) and quadratic (P < 0.001); at phytase = 0, quadratic (P < 0.001); at phytase = 300, quadratic (P < 0.001); at phytase = 600, linear (P < 0.05), and quadratic (P < 0.001); at phytase = 900, linear (P < 0.008) and quadratic (P < 0.001).
Ca:tP ratio effect: quadratic (P < 0.001). Phytase effect: linear (P < 0.05). Ca:tP ratio effect: linear (P < 0.04) and quadratic (P < 0.001). Phytase effect: linear (P < 0.05). Main effect of Ca:tP ratio, phytase, and nP (P < 0.001). Ca:tP ratio by phytase interaction (P < 0.001); Ca:tP ratio by nP interaction (P < 0.05); phytase by nP interaction (P < 0.001).
3
Phytase effect: linear and quadratic (P < 0.001); at Ca:tP ratio = 1.1, linear (P < 0.001), and quadratic (P < 0.002); at Ca:tP ratio = 1.4, linear (P < 0.001) and quadratic (P < 0.007); at Ca:tP ratio = 1.7, linear and quadratic (P < 0.001); at Ca:tP ratio = 2.0, linear and quadratic (P < 0.001). Ca:tP ratio effect: quadratic (P < 0.001); at phytase = 300, quadratic (P < 0.05); at phytase = 600, quadratic (P < 0.007); at phytase = 900, quadratic (P < 0.001).
5
Phytase effect: linear and quadratic (P < 0.001).
6
Phytase effect: linear and quadratic (P < 0.001). ) 2 + ^D^nX. At nP = 0.27%, D t = 0; At nP = 0.36%, Dj = 1. X = added phytase, U/kg diet; or X = Ca:tP ratios. Responses to phytase and nP effect were across four Ca:tP ratios; or to Ca:tP ratio and nP effect across four phytase levels.
2 Model: LnY = a 0 + <*jLnX! + a 2 LnX 2 + a 3 (LnXj) 2 + a 4 (LnX 2 ) 2 + a 5 LnXjLnX 2 . X x = added phytase, U/kg diet. X 2 = Ca:tP ratios. Responses to phytase and Ca:tP ratio effect were across two P levels.
(across Ca:tP ratios), for Ca:tP ratios and nP (across phytase level), and for added phytase and Ca:tP ratios (across nP levels), are shown in Table 9 . Equations for phytase and nP, and Ca:tP ratios and nP for most measurements had low R 2 although P values were significant. The response equations based on phytase and Ca:tP ratios had a relatively high R 2 (> 0.54) and low P value (< 0.001) for all measurements, except gain: feed ratio.
Nonlinear response equations were developed for the phytase effect at each of two P levels or each of the four Ca:tP ratios, and for the Ca:tP ratio effect at each of the two P levels and at each of the four phytase levels (Tables 10 and 11 ). Nonlinear and linear equations could not consistently be generated for feed intake, and gain: feed or R 2 values were very low; thus, none are presented. Based on higher R 2 values, nonlinear equations seemed to be a better fit of the effect of phytase on nP level and Ca:tP ratio than linear equations. The difference in the fit of nonlinear and linear equations of the effect of Ca:tP ratios by nP levels or by phytase levels was not as great as for the effect of phytase by nP levels or Ca:tP levels. The R 2 values were high for the effect of phytase by nP levels or by Ca:tP ratio and of Ca:tP ratio by nP or by phytase levels for all measurements, except phytase at a Ca:tP ratios of 1.1:1 and Ca:tP ratio at 900 U/kg phytase for toe ash.
Based on the assumption that data obtained at 0.27 and 0.36% nP levels were linearly representative over a wider range, linear response equations to nP were generated for BW gain and toe ash percentage (Table   12) 
DISCUSSION
The results of the present study clearly support findings from numerous studies, demonstrating that microbial phytase is very effective for improving P availability in corn-soybean meal-based diets and soybean meal-based diets when fed to pigs, broilers, and turkeys. However, findings of the present study indicate that the response obtained with microbial phytase additions to diets for turkey poults is influenced by the Ca:tP ratio (or level of Ca in the diet) as well as the level of nP. Widening the Ca:tP ratio lowered all measurements at each nP and at each phytase level. At 0.27% nP Phytase effect at two nP levels or four Ca:tP ratios, X = added phytase, U/kg diet. Responses to phytase effect at two P levels were across four Ca:tP Ca:tP ratios. 2Ca:tP ratio effect at two nP levels or four phytase levels, X = Ca:tP ratios. Response to Ca:tP ratio effect at two P levels were across four phytase phytase levels.
level, the efficacy of microbial phytase, based on an average of BW gain and toe ash content, decreased 7.4% when the Ca:tP ratio (or level of Ca) was increased from 1.4:1 to 2:1; this decrease was 4.9% when a 0.36% nP level was fed. It was evident that the negative effect of widening the Ca:tP ratio was greater for lower levels of nP. In agreement, Schoner et al. (1993) reported for broilers that feeding high levels of Ca with a constant level of P (0.35% nP) reduced the increase in BW gain, feed intake, and P and Ca retention that was observed when phytase was added. From their lowest (0.6%) to highest (0.9%) levels of Ca, the Ca:tP ratio varied from 1.7:1 to 2.57:1. In the present study, there appeared to be no difference in BW gain between Ca:tP ratios of 1.1:1 and 1.4:1 with 0.27% nP (0.54% tP) level, but at 0.36% nP (0.63% tP) the largest BW gain was obtained with the 1.1:1 ratio. Toe ash content and P and Ca retention were always higher for the 1.1:1 Ca:tP ratio at both nP levels. Two-and three-way interactions for most measurements were significant, which indicated that the Ca:tP effects were not independent of dietary P and phytase levels. The detrimental effect of widening the Ca:tP ratio was strongest at lower dietary P levels and phytase levels.
The influence of added phytase and varying Ca:tP ratios on feed intake and gain:feed ratio were not as consistent as for BW gain, toe ash, or P retention. However, feed intake and gain:feed were generally increased as phytase was added and as the Ca:tP ratio became narrower; most of the effect occurred at the lowest level of phytase addition and the widest Ca:tP ratios. Improved gain:feed ratios were obtained for poults when the lowest levels of phytase was added to soybean meal-based semi-purified diets containing 0.27 and 0.36% nP (V. Ravindran, unpublished data). Some previous reports using broilers have shown improved gain:feed when phytase was added to the diet (Simons et al, 1990; Saylor et al, 1991) . In contrast, other studies in broilers (Swick and Ivey, 1990; Vogt, 1992; have reported no effect or very inconsistent effects of supplemental phytase on gain:feed ratio.
The results presented here demonstrate that in addition to improving P availability, supplemental phytase improves Ca availability as suggested by increased Ca retention of turkey poults. This finding is supported by observations in broilers (Schoner et al, 1991 (Schoner et al, , 1993 . In a broiler study designed to measure the effect of phytase on Ca availability, Schoner et al. (1994) reported that 500 U of microbial was equivalent to 0.35 g Ca as measured by BW gain and 0.56 g Ca as measured by phalanx ash. Phytic acid, a cation chelator, makes Ca unavailable for intestinal absorption. Phytase releases Ca from the insoluble salts by hydrolizing phytic acid, and potentially makes Ca available for absorption by poults. Increased Ca and P retention is also supported by our findings of an increase in bone ash Ca, P, Zn, and Mg contents and improved bone calcification and histological development (Qian et al, 1994b ,c) when phytase was added to broiler and turkey poult diets.
In agreement with previous poultry studies ( V. Ravindran, unpublished data) , BW gain and toe ash percentage of broiler and turkey poults were the most sensitive measurements to assess microbial phytase efficacy for the replacement of nP for turkey poults. These measurements were also sensitive for assessing the effects of varying Ca:tP ratios and levels of nP. This finding is supported by checking the high R 2 and low P value of second-order translog, nonlinear and linear functions of BW gain and toe ash percentage of turkey poults (Tables 9, 10 and 11). The response functions with high R 2 and low P values to dietary Ca:tP ratios, and P and phytase levels apparently demonstrated good fits between the responses and dietary factors, thus indicating highly sensitive response measurements. Body weight gain and toe ash were also reported by Ravindran et al (1995) to be equally or more sensitive for assessing P availability of several inorganic sources of P than tibia ash. They also reported that tibia specific gravity, tibia shear force, toe shear forces, and metatarsal shear force were of limited value as response criteria for assessing P availability. Ravindran et al. (1995) did not measure P or Ca retention. In the present study, both P and Ca retention appear to be very sensitive to the addition of phytase at varying nP levels or Ca:tP ratios, and varying Ca:tP ratios at different levels of phytase or nP.
Calcium is thought to be a key factor that influences the activity of mucosal phytase in poultry and rat (Bhandari, 1980; Wise, 1983) . Similarly, the influence of Ca on phytase activity of a microbial product added to corn-soybean meal diets fed to poults was observed. Results of the phytase assay of the mixed diets, showed that the wider the Ca:tP ratios the greater the decrease in the phytase activity of diets with added phytase. The decrease in activity as the Ca:tP ratio became wider could be explained as follows: 1) the extra Ca binds with phytase to form an insoluble complex that is less accessible to phytase; 2) the extra Ca, more importantly, could directly repress phytase activity by competing for the active sites of the enzyme (Wise, 1983; Pointillart et al, 1985) . This depressing effect was greater at the lower aP level, which suggested that the P level in the reacting mixture is also critical to the phytase activity. Maximum responses to phytase efficacy were achieved when diets of poults were formulated at 1.1 to 1.4 to 1 of Ca:tP.
In the calculation of P equivalency values for phytase in this study, about 652 and 963 U of phytase are required to replace 1 g of P in corn soybean-meal diets for 1-to 21-d-old turkey poults fed with 0.27 and 0.36% nP, respectively: This value is in accordance with the findings by Ravindran (unpublished data) using turkey poults fed a soybean meal-based semi-purified diet; they also reported a lower P equivalency value for the 0.27% nP diets vs the 0.36% nP diets (576 vs 685 U). Denbow (unpublished data), using broilers fed a soybean mealbased semi-purified diet similar to that used by Ravindran (unpublished data), reported that 614 U of iPhytase effect at two nP levels or four Ca:tP ratios, X = added phytase, U/kg diet. Response to phytase effect at two P levels were across four Ca:tP four Ca:tP ratio. 2Ca:tP ratio effect at two nP levels or four phytase levels, X = Ca:tP ratios. Response to Ca:tP ratio effect at two P levels were across four phytase leve phytase levels. Plant P in diets is 0.536%, phytate P is 0.266%, and nonphytate P is 0.27%; percentage of released phytate P = released P/0.266. phytase was equivalent to 1 g P when 0.20% nP diets were fed, but 1,128 U when the 0.27% nP diet was fed. Supplemental phytase seemed more effective in the lower dietary nP level than the higher nP level. Wise (1983) suggested extra inorganic P might inhibit mucosal phytase activity of chicken small intestines. Estimated P percentage released from phytate is a little lower than the values of their study, which could be attributed to the difference in the diet type.
In summary, the results show that supplemental phytase improved BW gain, feed intake, gain:feed, toe ash content, and Ca and P retention of turkey poults fed a corn-soybean based diet; these improvements were negatively influenced by wider dietary Ca:tP ratios, and also by dietary nP levels. Maximum responses to supplemental phytase were achieved when poults were fed diets with 600 to 900 U of phytase/kg diet (900 U at 0.27% nP and 600 U at 0.36% nP), and to dietary Ca:tP ratios as diets were formulated at 1.1 to 1.4:1. Similar results were found in vitro in which phytase activity was inhibited by the wider Ca:tP ratios. In addition, various response curves to phytase, Ca:tP and tP were developed for the practical utilization of phytase. Also, P equivalency equations of microbial phytase for nP were generated; 652 to 963 U of phytase per kilogram of diet could be equivalent to 1 g nP for turkey poults fed corn soybean meal diets with nP levels from 0.27 to 0.36%.
